Standing crops of live and dead fine (< I mm diameter) and small (1 to 5 mm diameter) roots 
Introduction
Quantitative data on growth of roots in fcrests arc extremely limited. L.Y R & H OFFMANN (1967) , K OSTLER et al. (1968) , F AYLE (1968) , S UTTON (1969, I98O) , HEAD (1973) , RiEnACKE R (1976) , H ERMANN (1977) , R USSELL (1977) , C ALDWELL (1979) , and PERRY (1982) nl., 1980 ; P ERSSON , 1983 , Focrt., 1983 . Whereas fine-root production and turnover have been compared for conifer and deciduous stands (HARRIS et al., 1977 ; M C C LAUGHERTY et at., 1982) , stands of different ages (K ALE t_A, 1955 ; P ERSSON , 1978 P ERSSON , , 1979 G R iER ct al., 1981) , and stands of different nutrient status (D YRNESS et al., 1974 ; Z OBEL el al., 1976) .
A large range of habitat types which are dominated by Douglas-fir can exist even within a small watershed (G RIER & L OGAN , 1977 ; HAWK, 1979 (D YRNESS et al., 1974) . We decided that it was more important to select stands that were as comparable as possible and reasonably close to one another than to choose a more representative site.
Methods
A standard terminology for tree roots does not exist. Despite considerable differences in morphology and function, fine and coarse roots continue to be distinguished according to arbitrarily chosen diameters ranging from 1 to 10 mm (L ESHEM , 1965 ; L YFORD , 1975 ; H ERMANN , 1977 ; F OGEL , 1983 Preliminary analyses of data from the first 9 months indicated the necessity of estimating the variation associated with standing crops of fine and small roots. Beginning with the tenth month, we sorted roots into categories < 1 mm and 1 to 5 mm in diameter for each sample individually. Before the tenth month, we sorted roots < 5 mm in diameter into size-classes only after pooling the nine individual samples.
We were unable to extract all dead fine-root fragments from the soil. We therefore used an 800-micron mesh sieve as the limit of our processing. Some dead mycorrhizal root-tips passed through this sieve, especially those from the dry site. These fragments were < 0.5 mm in diameter and < 1.5 mm in length. For Seasonal changes of live and dead small roots were either nonexistent or obscured by the variation associated with these estimates ( fig. 3 A and 3 B) (1977 and 1979) . Changes in root-tip activity did not necessarily correspond with changes in standing crop of fine roots. As with live fine roots, new root-tips were concentrated close to the surface. Activity, however, was greater in the litter layer of the wet site than in that of the dry site. With rare exceptions, root-tips of Douglas-fir were ectomycorrhizal. Because of the large variation in counts, we did not subject these data to statistical analyses.
Fine-root production and turnover
We calculated estimates of fine-root production and turnover for successive annual periods beginning in March and in September and mean annual estimates for the entire study period (tabl. 4). The relation of individual annual estimates to environmental conditions within sites indicated that higher rates of production and turnover were estimated for the year which includes the unusually cold winter of [1978] [1979] . The effect of severity of moisture stress appeared to differ by site : on the wet and moderate sites, annual rates of production and turnover were higher when summer moisture stress was higher ; on the dry site, however, production declined slightly and turnover remained unchanged. The rate of decomposition was highest for all sites in the year when the relatively dry summer of 1977 was followed by the mild winter of 1977-1978. We did not sample long enough to quantify the effect of yearto-year changes in environmental conditions on annual rates of fine-root production, turnover, and decomposition. We have therefore reported estimates averaged over the entire period of the study. They equal 6.5, 6.3, and 4.8 Mg/ha/year for production, 7.2, 72, and 5.5 Mg/ha/year for turnover, and 8.2, 8.0, and 6.9 Mg/ha/year for decomposition on the dry, moderate, and wet sites, respectively. Mean annual estimates indicate that fine-root production and turnover were 30 to 40 percent greater on the dry than on the wet site.
We calculated a turnover index to compare rates of turnover and mean standing crop of fine roots among sites (tabl. 4). Over the course of the study, the index was highest for the dry site (2.8), intermediate for the moderate site (2.0), and lowest for the wet site (1.7). When we computed the turnover index for annual periods, the ranking among sites remained the same, despite large differences in estimates from one year to the next. Whereas rates of production and turnover were only 30 to 40 percent greater on the dry than on the wet site, the turnover index indicated a greater difference between these sites : it was 65 percent higher on the dry site. (1970, 1975) (P ERSSON , 1978 (P ERSSON , , 1979 M CCLAUGHERTY et al., 1982 (1978, 1979, 1980 a (1981) have reported similar findings for stands of Scots pine, Douglas-fir, yellow-poplar, and subalpine fir, respectively. Thus, available evidence from temperate forests strongly supports the contention that the greatest input of organic matter to the soil ecosystem comes through fine-root turnover (C OLEMAN , 1976 ; HARRIS et al., 1980) . No other comparably developed estimates of fine-root decomposition are available for comparison. Perhaps the closest is that of McGtN!rY (1976) , who reported > 50 percent annual decline in the dry weight of roots < 25 mm in diameter in a mixed oak stand in North Carolina. He used an in s itti technique which causes minimal disturbance : 120 open aluminum tubes were driven into the soil to a 30-cm depth ; 20 of these were removed immediately and the roots extracted ; the remaining tubes were recovered at 3-month intervals, 20 each time, for I year. Loss in biomass was assumed to equal decomposition. Inasmuch as his estimate includes small and large roots, the decomposition rate of roots < I mm in diameter was probably much greater than that of the size class as a whole (HARRIS et al., 1980 NIUS , 1980) . Second, our method does not account for production that occurred as radial growth of fine roots out of the < 1-mm-diameter size class. Third, the amount of roots in individual samples was underestimated because reductions in dry weight of live fine roots probably occurred as a result of physiological respiration during sample processing and because some fragments of dead root-tips passed through the 800-micron mesh sieve and were not considered in our estimates.
Variations in climate over a period of a few years can have a significant impact on root system morphogenesis (SuTTON, 1980) . Annual estimates within the same site indicate that fine-root production and turnover may vary substantially from one year to the next and that these variations may exceed those between sites in the same year.
We have not reported standard errors for annual estimates of fine-root dynamics because we currently lack a method to estimate the precision of these rates. It is unlikely that all differences among annual rates are significant for all sites and years. We therefore recommend using the mean annual estimates for general comparisons, as they are likely to be more representative of general conditions. Environmental conditions varied considerably during the course of the study. This variation created some unexpected opportunities to observe fine-root growth over a much broader range of environmental conditions within site. The price, however, was high : successive years could not serve for replication of annual cycles as we had intended. These condtions enabled us to observe fine-root growth in the absence of summer moisture stress and when winter soil temperatures were lower than commonly found in the subalpine zone. The relatively extreme effect of soil freezing appeared to affect fine root production and turnover more than changes in moisture stress on these sites. (1978, 1979) We found wide variation in the number and timing of intervals of peak fine-root growth for both coniferous and deciduous forest (ta l bl. 5). One or two major periods of growth were most commonly observed. When one peak was observed, the maximum amount of fine-root growth occurred during spring or summer, although Mc-CI.AU-GIIERTY et al. (1982) found that roots < 0.5 mm in diameter peaked during fall in a red oak stand. When two peaks were observed, the first peak occurred in spring and a second, but not necessarily lower, peak in late summer or fall. For a yellow-poplar stand in Tennessee, however, HARRIS et al. (1977) found that the first peak occurred in late winter during two consecutive years. In some conifer stands, three or more peaks were observed (FORD & DEANS, 1977 ; H ARRIS et (il., 1977 ; P ERSSON , 1978 P ERSSON , , 1979 SUTTON, 1969 SUTTON, , 1980 T ROUGHTON , 1974 ; R IE -DACKER , 1976 ; R US S ELL , 1977 ; CA LDWELL , 1979 ; P ERSSON , 1983) . Manipulations of the shoot, such as pruning, defoliation, and shading, affect root growth (R ICHARDSON , 1968 ; HEAD, 1973 ; PERRY, 1982 
